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Abstract

The use of comprehensive two-dimensional gas chromatography coupled to quadrupole mass spectrometry (GC× GC–qMS) for drug
screening is investigated with 77 underivatised drug standards in methanolic solution. The GC× GC–qMS setup involved a reduced mass
scan range of 42–235 u and minimum quadrupole sampling time to achieve quadrupole scanning frequency of 19.36 Hz. Only 26% of the drugs
investigated gave fair-to-acceptable library matches with full mass scan range commercial libraries. The creation of a new “truncated” library
based on the mass spectra of the drug standards in the applied mass scan range of 42–235 u extends the feasibility of the currently adopted GC
× th the new
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GC–qMS approach to higher molecular weight compounds and is investigated with blank blood spiked with drug standards. Wi
ibrary, 75% of the drugs yielded matches of at least 90%. The time-of-flight mass spectrometer (TOFMS) is expected to address the
f the present GC× GC–qMS setup and a brief comparison between GC× GC–qMS and GC× GC–TOFMS is also provided in this stud
2004 Elsevier B.V. All rights reserved.
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. Introduction

The area of toxicological (clinical; forensic; doping con-
rol) analyses is vast with challenges specific to the target
nalytes and the matrices from which they are extracted. Nu-
erous instrumental techniques address these challenges and
mong them, GC with quadrupole mass spectrometry (qMS)
etection plays an important role in the forensic laboratory.
C–MS is a widely accepted and mandated chemical test

or the confirmation of (presumed) positive samples[1–3]
lthough its versatility also allows use for screening and/or
uantitative purposes.

Comprehensive two-dimensional GC (GC× GC) is a
ovel approach for the analyses of complex samples and over

he past decade, its applicability has been demonstrated for a
aried range of samples types such as natural products[4,5],
ssential oils[6] and environmental toxicants (e.g. pesticides)

7]. Reviews of GC× GC principles have been presented
lsewhere[8,9].

∗ Corresponding author. Tel.: +61 3 99252632; fax: +61 3 96391321.

The implementation of GC× GC requires fast detector a
quisition rates to provide sufficient data density for accu
definition of the narrow2D peaks, which are often reported
be less than about 100 ms wide. This is strongly empha
in GC × GC quantitative studies where slow data rates
result in inaccurate peak measurement. While most rep
analyses use flame ionisation detectors (FID) with dat
quisition rates of up to 200 Hz, attempts have been mad
Frysinger and Gaines[10], Shellie and Marriott[11] as well
as Debonneville and Chaintreau[12] to use qMS detection fo
GC × GC (GC× GC–qMS). With the structural-informin
ability of qMS, it is possible to use this to support GC× GC
separations with mass spectrometric identification, and
form semi-quantitative analysis. These studies impleme
the three-dimensional GC×GC–qMS technique using diffe
ent strategies, recognising that the main experimental
lenge in GC× GC–qMS stems from the slow qMS sc
rate. Frysinger and Gaines[10] slowed down the GC× GC
separation, by increasing the1D column length to obtain a
average2D peak width of 1 s, so as to match the qMS s
rate of 2.43 Hz. This incurred a total analysis time of ab
E-mail address:philip.marriott@rmit.edu.au (P. Marriott). 7 h. Shellie and Marriott[11] adopted a reduced mass scan
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Table 1
Composition of standards A–D, their molecular masses, matches to full mass spectral and truncated libraries, as well as total retention times for GC–MS and
GC× GC–qMS

Std. mix No. Drug Molecular
mass (g/mol)

Total retention time (min) Library match (%)

GC–MS GC× GC–qMSa NIST or Wiley library User-created
library

GC–MS GC× GC–qMS GC–MS

A 1 Methamphetamineb 149.1 11.67 11.43 83 90 83
2 Amphetamineb 135.2 ND ND – – –
3 Methylenedioxyamph-

etamine (MDA)b
179.2 ND ND – – –

4 Methylenedioxymeth-
amphetamine (MDMA)b

193.1 20.84 20.77 91 90 94

5 Amylobarbitone
(2�g/mL)b

226.1 25.69 25.51 91 91 91

6 Pentobarbitone
(2�g/mL)b

226.1 26.28 26.11 91 96 91

7 Pethidine 247.2 26.05 25.97 99 – 90
8 Caffeine (2�g/mL)b 194.1 28.28 28.20 98 96 98
9 Lignocaineb 234.2 28.77 28.71 91 90 95

10 Doxylamine 270.2 29.63 29.58 90 91 91
11 Methadone (0.5�g/mL) 309.2 34.05 33.98 96 83 91
12 Amitriptyline 277.2 35.39 35.32 90 90 91
13 Nortriptyline 263.2 35.82 35.72 97 91 91
14 Moclobemide 268.1 36.78 36.66 94 78 91
15 Dothiepin 295.1 38.96 38.86 91 78 91
16 Clomipramine 314.2 39.35 39.25 99 – 95
17 Diazepam 284.1 40.13 40.00 99 – 93
18 Nordiazepam 270.1 41.53 41.41 99 – 95
19 Temazepam 300.1 42.67 42.54 99 – 93
20 Haloperidol (0.5�g/mL) 375.1 48.16 48.07 99 – 83
21 Thioridazine 454.3 50.41 50.40 98 – 90
22 Verapamil 370.2 50.53 50.40 94 – 95

B 23 Phentermineb 149.1 10.71 10.69 90 78 90
24 Fenfluramineb 231.1 12.54 12.42 72 90 80
25 Nicotineb 162.1 15.76 15.77 95 95 97
26 Pseudoephedrineb 165.2 ND ND – – –
27 Cotinineb 176.1 25.03 24.99 97 97 95
28 Diphenhydramine 255.2 28.64 28.58 78 91 91
29 Phencyclidine 243.2 29.30 29.24 99 – 91
30 Tramadol (0.5�g/mL) 263.2 30.46 30.44 95 – 90
31 Venlafaxine 277.2 33.23 33.18 64 – 90
32 Propoxyphene 339.22 34.77 34.71 87 – 90
33 Cocaine 303.2 35.63 35.59 99 – 95
34 Imipramine 281.2 35.93 35.85 99 – 95
35 Desipramine 266.2 36.46 36.39 99 – 93
36 Promethazine 284.1 37.03 36.92 97 – 91
37 Sertraline 305.1 38.68 38.59 99 – 90
38 Citalopram

(0.5�g/mL)c
324.4 39.26 39.18 97 – 95

39 Hydrocodone 299.2 40.39 40.34 99 – 91
40 Oxycodone 315.2 41.67 41.61 99 – –
41 Nifedipine 346.3 41.98 ND 96 – –
42 Flunitrazepam

(0.1�g/mL)
313.1 42.97 ND 99 – –

43 7-Aminoflunitrazepam
(0.5�g/mL)c

283.1 43.47 43.36 93 – 70

44 7-Aminonitrazepam
(0.5�g/mL)

251.1 45.37 45.30 98 – 83

45 Nitrazepam (0.2�g/mL) 281.1 45.69 ND 99 – –
46 7-Aminoclonazepam

(0.5�g/mL)
285.7 46.81 46.71 70 – –

47 Diltiazemc 414.2 47.73 47.62 98 – 91
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Table 1 (Continued)

Std. mix No. Drug Molecular
mass (g/mol)

Total retention time (min) Library match (%)

GC–MS GC× GC–qMSa NIST or Wiley library User-created
library

GC–MS GC× GC–qMS GC–MS

48 Triazolam (0.2�g/mL) 342.0 49.53 ND 91 ND –
49 Strychnine (0.5�g/mL) 334.2 51.41 51.32 99 – 93

C 50 Ephedrineb 165.2 ND ND – – –
51 Fluoxetine 309.1 28.39 28.37 96 90 90
52 Chlorpheniramine 274.1 31.66 31.59 91 91 70
53 Propranolol 259.2 ND ND – – –
54 Mianserin 264.2 35.84 35.80 99 – 95
55 Doxepin 279.2 36.08 35.99 96 78 91
56 Benzhexol 301.2 36.42 36.32 92 78 98
57 Bupivacaine 288.2 36.82 36.72 90 90 91
58 Benztropine 307.2 37.64 37.59 91 62 93
59 Codeine 299.2 39.25 39.20 99 – 91
60 Chlorpromazine 318.1 40.96 40.87 99 – 91
61 Paroxetine 329.1 42.38 42.34 99 – 94
62 Metoclopramide 299.1 42.89 42.81 93 83 91
63 Trifluperazine 407.2 43.54 43.46 99 – 94
64 Olanzapine (0.5�g/mL) 312.4 44.88 44.82 99 – 58
65 Quinine (2�g/mL) 324.2 46.00 45.88 91 86 90
66 Prochlorperazine 373.1 48.35 48.28 99 – 93
67 Pholcodine 398.2 51.19 51.11 93 53 91
68 Quetiapine 383.5 ND ND – – –

D 69 Paracetamol
(20�g/mL)b

151.1 25.50 25.66 95 94 –

70 Fluvoxamine 318.2 28.86 28.81 81 – –
71 Mirtazapine (0.5�g/mL) 265.2 36.68 36.66 99 – 76
72 Zopiclone (0.5�g/mL) 388.8 50.32 ND 94 – –
73 Carbamazepine 236.1 38.18 38.02 99 – 91
74 Phenytoin (20�g/mL) 252.1 38.89 38.68 98 – 94
75 Midazolam (0.5�g/mL) 325.1 42.61 42.54 99 – 95
76 Alprazolam (0.5�g/mL) 308.1 48.23 48.16 99 – 95
77 Zolpidem (0.5�g/mL) 307.2 45.80 ND 99 – –

ND: not detected.
a 1tR of the largest pulse of the peak envelope is reported.
b Drugs whose molecular weights fall within the GC× GC–qMS mass scan range of 42–235 u.
c Drugs matched by the in-house and a commercial toxicology (PMWTox2) mass spectral library at the Victorian Institute of Forensic Medicine.

range of 40–228 = 188 u with minimum qMS sampling time,
achieving a spectral acquisition rate of 20 Hz. Average2D
peak widths were about 100 ms, with total analysis time of
66.7 min and library match qualities of over 90% for most
of the 65 components identified in a geranium essential oil
sample; most components had molar masses below the up-
per scan mass range. Recently, (semi)-quantitative analysis
of 24 allergens in perfume samples was performed in the
single-ion monitoring (SIM) mode using GC× GC–qMS,
by Debonneville and Chaintreau[12]. With this set up, qMS
sampling time of 10 ms and a data acquisition rate of 30.7 Hz
were used for measuring peak widths as low as 54 ms for
limonene.

In comparison to qMS, time-of-flight mass spectrometric
detection (TOFMS) is capable of presenting mass spectra at
up to 500 Hz. With TOFMS, the problem of mass spectral
distortion as a result of concentration changes in the ion
source is eliminated[13]. The TOFMS’s deconvolution
ability can also be used to resolve peaks in the mass spectral

domain by mathematically generating “clean” mass spectra.
These TOFMS features complement the superior separation
and increased peak capacity in GC× GC. Several works have
reported GC× GC coupled to TOFMS for various analyses
[14–17].

Despite the strengths of GC× GC–TOFMS, cost (pur-
chase and maintenance) may be an obstacle for adopting the
technique as a routine analytical method. The large data files
generated by GC× GC–TOFMS at data acquisition rates
of 50 Hz (or higher) demand long data-processing time and
large hard disk memory space for data handling[15,18,19].
Automated data-processing of a GC× GC–TOFMS an-
alytical run of cigarette smoke took approximately 7 h
[14]. Clearly, the large data files and time-consuming data
handling processes associated with GC× GC–TOFMS
are impractical for a routine laboratory with high sample
throughput. Quadrupole mass spectrometers are widely
available in most laboratories, and so GC× GC–qMS is
an attractive alternative if acceptable MS data, or suitable
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library-searchable data, can be produced within the scanning
constraints. Following Shellie et al.[8], GC × GC–qMS is
used here as a screening procedure using four standard stock
mixtures, which comprised underivatised drugs that are
likely to be encountered in a forensic toxicological screen, to
examine the scope protocols required for GC× GC–qMS for
drugs analysis. This is a comparative study to another which
employed GC× GC with TOFMS detection[20] for drug
screening.

2. Materials and methods

2.1. Chemicals, standards, biological materials and
extraction procedures

Drugs were obtained as pure reference standards from var-
ious sources, including the curator of standards at the Aus-
tralian Government Analytical Laboratories; Sigma–Aldrich
Australia and from the forensic standards officer of the Foren-
sic Toxicology Laboratory (Division of Analytical Lab., Syd-
ney, Australia). Drug stock solutions (standards A–D) were
prepared in HPLC grade methanol (BDH Lab. Supplies,
Poole, England). Standards A–D were each composed of a
mixture of underivatised drugs and their compositions are
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wood, Australia), which was retrofitted with a longitudi-
nally modulated cryogenic system (LMCS; Chromatogra-
phy Concepts, Doncaster, Australia). The instrument was
equipped with a 5973 mass selective detector, a model 6873
auto sampler and Chemstation software. The column set
used consisted of a primary capillary column of dimen-
sions 30 m× 0.25 mm i.d.× 0.25�m film thickness BPX5
phase (5% phenyl equivalent) serially coupled with a sec-
ond capillary column of dimensions 0.8 m× 0.1 mm i.d.
× 0.2�m film thickness BPX50 phase (50% phenyl equiv-
alent). Both columns were from SGE International (Ring-
wood, Australia). Both the CO2 supply and LMCS modula-
tion (frequency of 0.25 Hz) were started at 4 min. The thermo-
statically controlled cryogenic trap was maintained at about
−30◦C for the duration of each analysis.

Temperature programme conditions were as follows:
initial temperature of 70◦C for 0.5 min, programmed at
5◦C/min to 320◦C; and held for 5 min at 320◦C (55.50 min
total run). The injector temperature was 250◦C with an in-
jection volume of 0.2�L in the splitless mode. Constant He
carrier gas pressure, at an initial flow rate of 1 mL/min, was
applied throughout the whole analysis.

The MS transfer line temperature was 280◦C, MS detector
voltage 1.8 kV, and a reduced mass scan range of 42–235 u
was used to give a data acquisition rate of 19.36 Hz. Spectra
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isted in Table 1. Final concentrations of each drug in
rug stock solutions were 1 mg/L unless otherwise stat
arenthesis inTable 1. Expired whole blood from the loc
lood bank (Victoria, Australia) was used as drug-free bl
fter the blood was tested by routine drug screening m
ds, e.g. ELISA, GC with both MS and nitrogen–phosph
etection[21], and HPLC[22] by the Victorian Institute o
orensic Medicine (VIFM). All sample preparation was p

ormed at VIFM.
For spiked blood standards, 25�L of drug stock solution

standards A–D), 500�L of 2 M Trizma base (Sigma Chem
cal Co., St. Louis, Missouri, USA) at pH 9.2, and 500�L
rug-free blood were successively added to a silanised
xtraction tube. Extraction was performed by adding 8
f butyl chloride (HPLC grade, BDH Lab. Supplies, Poo
ngland) to the tube, with mixing on a rotation wheel
0 min. The tubes were centrifuged (2350× g) for 5 min and

he blood layer frozen in an ethanol bath (−30◦C). The buty
hloride layer was transferred to a clean silanised glas
raction tube and evaporated to dryness in a vacuum sa
oncentrator (Savant Industries, Australia). The residue
econstituted with 100�L HPLC grade methanol and tran
erred to an autosampler GC vial containing a micro g
nsert.

.2. Instrumental

.2.1. GC× GC–quadrupole mass spectrometry (GC×
C–qMS) and GC× GC–TOFMS
GC× GC–qMS was carried out on an Agilent Techno

ies 6890 model GC system (Agilent Technologies, B
ere matched with the NIST98 and Wiley275 MS libra
sing the ChemStation software.

For GC× GC–TOFMS, a LECO Corporation (LECO,
oseph, MI) Pegasus III instrument with an Agilent 6890
as fitted with an LMCS unit as described above. The col
et comprised a 30 m× 0.25 mm i.d.× 0.25�m film thick-
ess HP-5MS phase (5% phenyl equivalent; Agilent T
ologies, Burwood, Australia) coupled with a second ca

ary column of dimensions 1.0 m× 0.1 mm i.d.× 0.1�m
lm thickness BPX50 phase. The temperature program
0◦C for 0.2 min, programmed at 5◦C/min to 320◦C; and
eld for 10 min at 320◦C, with constant He carrier gas flo
ate of 1.5 mL/min. A data rate of 50 Hz and mass scan r
f 40–900 u was employed.

.2.2. Gas chromatography–mass spectrometry
GC–MS)

GC–MS analyses were carried out using the same
s (A). Conventional GC–MS was effected by not acti

ng the modulator, i.e. without provision of CO2. All con-
itions were the same as (A), except that a larger inje
olume of 1�L was employed in the splitless mode, a
mass scan range of 40–500 u was used at a scan r

.18 Hz.

.3. Data analysis and presentation

Data acquisition by the Agilent ChemStation softw
as used which allows raw data to be exported a
omma separated value file in ASCII format. The d
ransformation process for presenting the GC× GC re-
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Table 2
Library search results, hit list rankings, base peak and molecular weight of selected drugs analysed by reduced mass scan range GC–MS (42–235 u) and bythe
described GC× GC–qMS analysis

Drug GC–MSa GC× GC–qMSb

Hit list rankings Match
quality (%)

Base
peak (u)

MR (g/mol) Hit list rankings Match
quality (%)

Base
peak (u)

MR

(g/mol)

Methamphetamine Methamphetamine 83 58 149.1 Methamphetamine 83 58 149.1
Phentermine 74 58 149.1 Phentermine 47 58 149.1
MDMA 9 58 149.1 Tramadol 9 58 263.2

MDMA MDMA 94 58 193.1 MDMA 94 58 193.1
Diltiazem 9 58 414.2 Doxylamine 9 58 388.2
Doxylamine 9 58 388.2 Methamphetamine 9 58 149.1

Tramadol Tramadol 90 58 263.2 Tramadol 91 58 263.2
Propoxyphene 39 58 339.2 Citalopram 39 58 324.4
Venlafaxine 39 58 277.2 Venlafaxine 39 58 277.2
Diphenhydramine 39 58 255.2 Propoxyphene 9 58 339.2

Dothiepin Dothiepin 91 58 295.1 Dothiepin 91 58 295.1
Amitriptyline 56 58 277.2 Propoxyphene 38 58 339.2
Doxepin 38 58 279.2 Amitriptyline 23 58 277.2

Thioridazine Thioridazine 90 98 370.2 Thioridazine 91 98 370.2
Benzhexol 12 98 301.2 Benzhexol 9 98 301.2

Chlorpromazine Chlorpromazine 91 58 318.1 Chlorpromazine 91 58 318.1
Propoxyphene 37 58 339.2 Propoxyphene 37 58 339.2
Citalopram 9 58 324.4 Citalopram 25 58 324.4

Benzhexol Benzhexol 98 98 301.2 Benzhexol 91 98 301.2
Cotinine 1 98 176.1 Thioridazine 2 98 370.2
Thioridazine 1 98 370.2

Moclobemide Moclobemide 91 100 268.1 Moclobemide 91 100 268.1

Doxylamine Doxylamine 91 58 388.2 Doxylamine 91 58 388.2
Diphenhydramine 32 58 255.2 Citalopram 12 58 324.4
Citalopram 9 58 324.4 Diphenhydramine 12 58 255.2

MDMA 9 58 193.1
a Spiked blood standards.
b Methanolic drug standards.

sults in 2D contour plots has been described elsewhere
[23].

2.4. Applicability of a user-created MS library in
reduced mass scan range (42–235 u)

To test the effectiveness of the “truncated” library,
spiked blood standards (seeSection 2.1) were analysed by
GC–MS before they were compared with the user-created
library (match results are presented inTable 1). The con-
ditions used for GC–MS analysis were the same as de-
scribed inSection 2.2.2, except that the mass scan range
was 42–235 u scanned at 6.97 Hz. Description of gener-
ation of the truncated library is provided inSection 3.4
below.

The PBM search algorithm of the ChemStation software
is further tested with a selection of methanolic drug standards
and spiked blood standards analysed by GC× GC–qMS and
by reduced mass scan range GC–MS, respectively (see pre-
vious paragraph). The hit list rankings and match qualities of
the drugs are presented inTable 2.

3. Results and discussion

3.1. Protocol

The protocol involved analysing each of the standard
mixes by GC–MS, followed by GC× GC–qMS. This facil-
itates identification of the peaks acquired by the described
GC × GC–qMS setup. The composition of the standards
and GC conditions (e.g. temperature programming) in both
GC–MS and GC× GC–qMS were chosen to minimise peak
overlap.

Drugs that were analysed by GC–MS but could not be
identified by mass spectral matching with either the NIST
or Wiley reference library, were matched by in-house or
commercial toxicology library (PMW–Tox2) in the reference
forensic laboratory (refer to footnote “c” inTable 1). In cases
where no library matches were obtained by GC× GC–qMS
due to the reduced mass scan range,1D retention times (1tR)
were used for tentative identification.

There was generally good correlation between the1tR
for GC–MS and GC× GC–qMS, with differences of about
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Fig. 1. Chromatograms of standard B by: (A) GC–MS analysis (1�L injection volume) at 3.18 Hz; (B) GC× GC–qMS analysis (0.2�L injection volume)
at 19.36 Hz; (C) GC× GC–qMS: 2D contour plot. Assignments of the drugs are listed inTable 1. Note the comparable peak responses between (A) and (B)
despite the use of reduced injection volume for GC× GC–qMS analysis.

0.1 min shown inTable 1. Due to the small elution time differ-
ence of the largest pulses of thioridazine and verapamil in GC
× GC–qMS, they were both assigned the same1tR in Table 1
(refer to footnote “a”), even though they have marginally dif-
ferent1tR in GC–MS.

Two-dimensional contour plots were also prepared for all
GC × GC–qMS results, although only that of standard mix
B is shown inFig. 1B.

3.2. Mass range selection for GC× GC–qMS

The selection of an appropriate mass range (mass differ-
ence of about 188 u) depends primarily on the analytes to
be analysed and their spectral fragmentation features. If the
experimental aim is to distinguish compounds within a ho-
mologue series, such as higher alkanes, then the presence of
the molecular ion is pivotal to deducing the identity of the an-
alytes. In this case, the mass range used should incorporate
the higher mass ranges of the analytes, e.g. 130–328 u (giv-
ing a 198 u mass range) since the lower mass range of ions
will lack sufficient spectral specificity to identify the alkane
homologues.

For this study, the reduced mass range of 42–235 u was
chosen because without derivatisation, the lower mass ions
are in greater abundance than the higher mass ions[24].
H ctra o
t ation

specificity within the lower mass range of 42–235 u. Provided
that a high-resolution mass spectrometer can “screen out” in-
terferences, the use of lower mass ions of high abundance for
identification or even quantitation (in selected ion monitoring
mode) is viable[25].

In the present study, improved resolution (and sensitivity)
is provided by GC× GC in the chromatographic (time) do-
main. Hence, GC× GC–qMS of thermally stable underiva-
tised drugs in the reduced mass range might be advantageous
because the separation selectivity of the2D column can po-
tentially eliminate lower mass ions from interfering sources.
The result will be a “cleaner” spectrum with an enhanced and
more distinct fragmentation pattern in the lower mass range
(42–235 u).

3.3. GC–MS versus GC× GC–qMS

As a result of the reduced mass range and the minimum
quadrupole interscan time used in the GC× GC–qMS im-
plementation, it was expected that library matching would be
compromised, especially for drug analytes with high molecu-
lar masses. This was confirmed when only 27 of the 77 drugs
yielded fair-to-acceptable library matches in GC× GC–qMS
(refer toTable 1). Interestingly, high quality library matches
of 90% and above were obtained for more than half (i.e. 16)
o ostic
i

ence, unlike homologues (e.g. alkanes), the mass spe
he drugs have a greater likelihood of spectral fragment
f f the 27 drugs identified. These 27 drugs contain diagn
ons in the applied reduced mass scan range.
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Acquisition of phencyclidine under the reduced mass scan
range did not give a successful library match when compared
with full mass range libraries, evidently due to the lack of
the [M − 1]+ diagnostic ion (242 u) in its mass spectrum.
The comparable base peak ion abundances, with injection
volumes of 0.2 and 1�L for GC × GC–qMS and GC–MS
respectively, are proof of the sensitivity gain provided by
cryogenic focusing in GC× GC. Clearly, the library search
protocol is very sensitive to the highest mass ion cluster (242
and 243 u), and leads to excellent matches for phencyclidine
(i.e. 99%) for the full mass scan range GC–MS analysis.

In some cases, higher match qualities were obtained
from GC× GC–qMS than that of GC–MS (for pentobarbi-
tone, fenfluramine and diphenhydramine). This observation
is likely to be a direct consequence of GC× GC superior sep-
aration that introduces more-pure solutes to the mass spec-
trometer. Some drugs that are known for their poor chromato-
graphic properties when underivatised (e.g. amphetamine,
MDA, pseudophedrine and propranolol) were also poor can-
didates in this comparative study. Drugs such as propranolol
are known to be especially prone to aging of injection liners
and columns which could lead to a progressive loss of sensi-
tivity [21]. Hence, their inclusion in the sample set provides
some information about the performance limits of GC–MS
and GC× GC–qMS.
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drug standards (refer toSection 2.2for experimental con-
ditions) for added convenience. Drugs that were not iden-
tified by GC–MS and/or GC× GC–qMS analysis (refer
to retention time columns inTable 1) were not added into
the “truncated” library as references. These drugs comprise
of amphetamine, MDA, MDMA, pseudoephedrine, nifedip-
ine, flunitrazepam, 7-aminoclonazepam, ephedrine, propra-
nolol, quetiapine, zopiclone and zolpidem. For closely eluting
compounds in1D and2D under the described conditions in
Section 2.2(i.e. pethidine and pentobarbitone; thioridazine
and verapamil), a separate analysis to ensure better chromato-
graphic resolution was used. Spectral averaging and back-
ground subtraction were applied for the drugs investigated,
so as to ensure spectral consistency and purity.

Ways to access a truncated library include the masking
of the MS references in pre-existing full mass scan range
libraries to the required mass range or by re-analysis of the
standards under the criteria of the required mass range. The
former will be the most attractive if one has access to the NIST
Search software programme, since it could be readily tailored
to the mass ranges specific for individual application. The
latter was the method adopted for creating the new library,
although there are a few variations available to achieve this,
which are as follows:
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Comparison of the chromatographic peaks of GC–MS
C × GC–qMS experiments in 1D and GC× GC experi-
ents of standard B is shown inFig. 1A and B.Fig. 1C is an
pproximate polarity (vertical axis) versus boiling point (h

zontal axis) 2D representation of the GC× GC separatio
ased on use of a non-polar/polar column set arrange
hus, two properties can now be used to characteris
rugs, and2D retention time will be based approximately

he drug polarity, provided that no “wraparound” occurs[26].
Based on2tR measurement via targeted mode mu

imensional GC with flame ionisation detection[27], nico-
ine (#25), diphenhydramine (#28), phencylidine (#29)
ramadol (#30) exhibited one wraparound. Thus, diphe
ramine is more strongly retained than phencylidine,
adol and nicotine in2D, as illustrated by their appare

tR in Fig. 1C.

.4. Creating a new mass spectra (MS) drug library in
he reduced mass range (42–235 u)

A solution to overcome the limitations of library matc
ng for GC × GC–qMS results with commercial full ma
can range MS libraries, is to create a new library con
ng reference data restricted to the reduced mass scan
pplied. The new reference library may extend the capa
f the described GC× GC–qMS method to identify high
olecular weight analytes, and can be potentially useful
irected screening approach in the absence of a time-of-
ass spectrometer (TOFMS).
In this study, the “truncated” library spectra were

ained by the described GC× GC–qMS analysis of th
. Normal 1D-GC operation coupled to normal quadru
or fast quadrupole operation; or

. Fast GC operation coupled to normal quadrupole or
quadrupole operation.

Re-analysis of the standards via normal 1D-GC opera
i.e. generally broad peaks) coupled with fast quadru
peration (e.g. by reduced scan range and minimum
can time) or that coupled with normal quadrupole opera
e.g. non-minimum interscan time), will deliver the most
roducible mass spectrum since there will be little varia
f the mass flux over the mass spectrometric scan dur
oupling of fast GC operation (i.e. GC× GC or other meth
ds that produce similarly narrow peaks) with fast or nor
uadrupole operation is acceptable as long as one is aw

nherent spectral bias that is present.
Multiple entries of the same analyte (obtained by var

ppropriate approaches) can also be used to increase th
bility of positive identification, provided that the multip
ntries of other analytes do not push the entry of the co
nalyte down the hit list[28]. Visual inspection of the hit lis

s advised[3,28]. The use of extracted ion chromatogra
an also be used to estimate the extent of peak overla
n GC × GC–qMS for evaluating the mass spectral qua
efore a spectrum is added as a library reference pro

hat the ions selected are of sufficient abundance and s
city in the selected mass range. The extraction of iden
ons also extends the current approach of GC× GC–qMS for
dentification purposes, e.g. by plotting selected ion G×
C traces, albeit within the limits of the mass range.
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3.5. Feasibility of the “truncated” mass spectral library

The applicability of the new library was tested with drugs
spiked into drug-free blood and analysed by GC–MS in the
reduced mass range of 42–235 u. Indeed, with the new user-
created (“truncated”) library, many more compounds can be
identified compared to the full-mass scan range commercial
libraries (seeTable 1), with about 67% of the drugs analysed
yielding MS similarity matches of at least 90% and above.
The exceptions consist of compounds that were undetected
either by full-scan GC–MS and/or GC× GC–qMS (possibly
due to the much reduced injection volume applied, i.e. 0.2�L,
seeSection 2.2.1).

Further testing of the probability-based matching (PBM)
search algorithm on the ChemStation software was per-
formed to evaluate the effectiveness of the new library with
a selection of drugs. Both methanolic drug standards and
that spiked into drug-free blood were used, which were then
analysed by GC× GC–qMS and by reduced mass scan range
GC–MS, respectively. Most of the drugs in the selection gave
incorrect or no library matches with the commercial libraries
when analysed by GC× GC–qMS. In addition, the drugs
selected have relatively simple fragmentation patterns dom-
inated by one abundant ion in the reduced mass scan range.
Drugs that give simple fragmentation patterns and share a
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phetamine. Although methamphetamine has complete mass
spectra within the reduced mass range, it was interesting to
note that the new library gave lower matches than with the
commercial libraries (refer toTable 1), possibly due to spec-
tral bias in the library or experimental spectrum.

Match qualities and hit list rankings of the selected drugs
are useful parameters to provide indication of the new li-
brary’s ability to distinguish between analytes with very sim-
ilar fragmentation features. The PBM search algorithm on the
ChemStation software identifies the most significant peaks
by a combination of their mass-to-charge ratio values and
abundances and then comparing with the condensed library
spectra[28]. Library formats based on forward and reverse
searching were not evaluated.

3.6. Comparison of quadrupole and time-of-flight mass
spectrometry detection

Although generation of a specialist truncated library for
drugs may be a considerable undertaking in order to permit
use of GC× GC–qMS, it should however make access to
identification in GC× GC a relatively straightforward pro-
cess. The data file with fast qMS detection will be larger than
that for conventional slower scanning qMS only to the de-
gree that the scan duty cycle is increased. Data processing
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rugs inTable 1serve as a more rigorous test for the n

ibrary’s identification capability because they have fe
oints of references in their fragmentation patterns (in
educed mass scan range) and can potentially introduce
ifficulty (or ambiguity) in the prefiltering process duri
ass spectral matching.
Of greater practical impact is that the more simple

pectrum, the greater the rating given to noise, contam
r matrix ions that appear in the spectrum, during the lib
atching process (even when the abundance of the int

ng ions is relatively low). The presence and absence of
ostic ions are both important in establishing the fingerp
asing identification on single dimension retention time
ne major ion (e.g. 58 u) could lead to erroneous conclus
his would then suggest an alternative MS technique ma
equired.

Table 2presents the hit list rankings and match qual
f the selected drugs analysed by both reduced mass
ange GC–MS and by GC× GC–qMS, after compariso
f their mass spectra with the references in the new lib
pectral averaging and background subtraction were us
btaining the match qualities shown inTable 2.

As shown inTable 2, there was little to distinguish betwe
he match qualities of the selected drugs that were ana
y GC–MS and by GC× GC–qMS, except for subtle diffe
nces in the percentage ratings obtained and the drug
ccupy the 2nd and 3rd positions of the hit list rankin
he PBM search algorithm was successful in finding al
rugs inTable 2as the first hit with match qualities of at le
0% for all the drugs under investigation, except for meth
t

e.g. presentation of extracted ion plots) is not a significa
onger task. The strength of GC× GC–qMS is its enhance
eparation for qualitative identification of co-eluting spec
y maintaining an awareness of the wrap-around (and
plitting) effects introduced by the GC×GC process, it is als
ossible to use the technique reliably for semi-quantita
pplications, as demonstrated by Debonneville and C

reau for GC× GC–qMS (SIM mode)[12]. Provided trans
ation of GC× GC–qMS and GC× GC-FID results can b
arried out, then quantitation may be performed by the l
xperiment. This may indeed be a more acceptable qu
ative experiment since FID response factors may be
eadily determined, and more consistent than qMS resp
actors (notwithstanding the evidentiary benefits of qMS

The potential occurrence of mass spectral disto
n quadrupole mass scanning means that care mu
aken in choosing the mass spectrum for library sea
ng. Fig. 2I(A–C) shows mass spectra taken across diffe
cans of the2D chlorpheniramine peak analysed by GC×
C–qMS. Note the variability in the relative ion abundan
f ions 58 and 203 u, which is caused by the quadrupole
ycle (from high mass to low mass) and is sensitive to
arying instantaneous mass flux in the ion source ove
can duration. Such observations have also been not
ine [1] for GC–MS. Changes in sample concentration

he (quadrupole) ion source contribute to mass spectra
ortion as the ion abundances are clearly different acros
hromatographic peak (seeFig. 2I(A–C), note the scales
he vertical axes in (A–C)). Such instances of mass spe
istortion are exacerbated with GC× GC as very narrow
eaks of widths as low as 80 ms or less have been repo
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Fig. 2. Comparison of ion abundances of chlorpheniramine at different regions of the chromatographic peak obtained by GC× GC–qMS and GC× GC–TOFMS
(I) TIC chromatogram of chlorpheniramine analysed by GC× GC–qMS using 42–235 u acquired at 19.36 Hz. (A) Mass spectrum taken at the front of the2D
peak analysed by GC× GC–qMS. (B) Mass spectrum taken at the apex of the2D peak analysed by GC× GC–qMS. (C) Mass spectrum taken at the back of the
2D peak analysed by GC× GC–qMS. Note the variation of the relative ion abundances of 58 and 203 u in A–C. (II) TIC chromatogram of chlorpheniramine
analysed by GC× GC–TOFMS (LECO Pegasus III, Michigan, USA) using 40–900 u acquired at 50 Hz. (D) Mass spectrum taken at the front of the2D peak
analysed by GC× GC–TOFMS. (E) Mass spectrum taken at the apex of the2D peak analysed by GC× GC–TOFMS. (F) Mass spectrum taken at the back of
the2D peak analysed by GC× GC–TOFMS.

Contrasting with qMS detection, TOFMS offers speed of
data acquisition that is commensurate with quantitative pre-
cision of area measurements. Each compound requires spe-
cific response factor determination if quantitative measure-
ment is sought. Perhaps the advantages of TOFMS may best
be summed up byFig. 2II(D–F) that shows the mass spec-
trum taken at the different points across the chlorpheniramine
peak analysed by GC× GC–TOFMS. The experiment was
performed at 50 Hz at the mass range of 40–900 u (a max-
imum data presentation rate and mass range of 500 Hz and
1000 u are possible with the LECO Pegasus III TOFMS). The
TOFMS system provides for full mass range spectral scan-
ning at maximum scan rate. High data acquisition rates allow
accurate definition of the chromatographic profiles that can
help to resolve closely eluting peaks, provide effective peak
deconvolution, and are of significance in ensuring accurate
quantitative peak measurement in GC× GC. TOFMS is also
free of mass spectral distortion associated with quadrupole
scanning instruments. This is exemplified in the consistency
of the relative ion abundances (between ion 58 and 203 u) in
the mass spectra ofFig. 2II(D–F) even though the mass spec-
tra were taken at different regions of the narrow GC peak.
The GC× GC presentation option provided by the LECO

ChromaTOFTM operating software, is an added convenience
as it allows direct presentation of TIC and EIC 2D plots with-
out the need for external data conversion and presentation
software. Another attractive feature of ChromaTOFTM is its
mass spectral deconvolution algorithm that can locate and
identify coeluting analytes based on constancy of ion ratios
across a GC peak acquired by TOFMS detection. This method
is reliable provided that coeluting analytes do not share com-
mon “unique” ions. However, data files acquired by TOFMS
at high acquisition rates (e.g.≥50 Hz) are large (much larger
than with qMS, even when considering the scan speed differ-
ences), and automated detection as well as data presentation
is time-consuming. Despite the ability of TOFMS to sample
up to 500 Hz, the trade-off between sensitivity (S/N) and high
data acquisition rates leads to loss of peak response at high
rates.

4. Conclusion

Validation of GC× GC separations with qMS identifica-
tion can be realised with the present experimental approach
employing truncation of reference spectral library. Instru-
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mental limitations (scan range; scan speed) of the quadrupole
mass spectrometer are due to the nature of the quadrupole
duty cycle. The semi-volatile nature and high molecular mass
of some of the drugs used, compromise solute identification in
GC× GC–qMS when truncated data are acquired, and render
full mass range commercial libraries unsuitable. The creation
of a reduced mass scan library over the same range as for ex-
perimental data offers an analytical solution to the problem of
obtaining good mass spectral matches of GC× GC–qMS re-
sults if commercial libraries are used, and appears promising
using the applied PBM search algorithm of the ChemSta-
tion software. A reduced mass range is expected to be most
useful where the residual spectrum is sufficiently unique to
overcome excluded mass ions (especially the molecular ion).
Improved identification should result if retention time data
in the two dimensions can be incorporated into the search
methodology, and if an expanded “truncated” library is de-
veloped.

GC × GC–qMS has the potential for useful problem-
solving capabilities in GC× GC analysis. Whilst only ‘full-
scan’ MS acquisition was used here, fast SIM mode in qMS
should also be applicable to the GC× GC experiment.
Time-of-flight mass spectrometry (TOFMS) is considered the
most promising technology for GC× GC, with data acqui-
sition rates of up to 500 Hz at full mass range (0–1000 u).
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